This study used CT analysis to determine the rotational alignment of 39 painful and 26 painless fixed-bearing total knee replacements (TKRs) from a cohort of 740 NexGen Legacy posterior-stabilised and cruciate-retaining prostheses implanted between May 1996 and August 2003.
Total knee replacement (TKR) is one of the most successful orthopaedic procedures with satisfaction rates of over 90%. 1 However, the incidence of dissatisfaction and moderate pain after TKR is about 13% at one year 2,3 and 20.5% at two to seven years after surgery. 4 Many intra-and extra-articular causes of pain after TKR have been identified or proposed, [5] [6] [7] but often no cause can be found. In recent years internal rotational malalignment of components has been implicated as a cause of pain after TKR. 8, 9 The incidence of rotational errors in TKR with unexplained pain has not been reported previously. Furthermore, while internal rotation of more than 6° of the femoral component has been associated with pain 8, 9 the amount of internal rotation of the tibial component required to produce pain is not known.
Our aim was to identify the incidence of rotational errors in painful and painfree TKR and to explore the relationship between component rotation and pain after TKR.
Patients and Methods
Between May 1996 and August 2003, we performed 740 NexGen Legacy posterior-stabilised and NexGen Legacy cruciate-retaining (Zimmer Inc., Warsaw, Indiana) fixed-bearing TKRs. All were carried out without navigation using a measured resection technique after ligament balancing with intramedullary alignment of the femoral component and extramedullary alignment of the tibial component. Intra-operatively, rotation of the femoral component was referenced from the posterior condylar axis or the transepicondylar axis. Rotation of the tibial component was referenced from the medial third of the tibial tuberosity. All were reviewed at one year and every two years thereafter by recording the Knee Society score (KSS). 10 A total of 60 patients (61 TKRs) with unexplained moderate pain were identified at least one year after surgery. Moderate knee pain was defined as a KSS of > 20 points at any review. All the patients had been seen by their operating surgeon and no identifiable cause of their pain had been found. Infection had been excluded either by the presence of a normal value for serum CRP with no clinical suspicion of infection or by a sterile knee aspirate. No TKRs in the study had clinical evidence of instability.
Of these 60 patients, three had died, one had moved abroad and two were excluded since they had sustained periprosthetic fractures. After obtaining ethical approval for the study, the remaining 54 were invited to attend for CT scans to determine the rotational alignment of the tibial and femoral components according to the technique of Berger et al. 11 Six patients declined to participate because of ill health, eight failed to respond and one refused to undergo CT. One patient was later excluded because of deep tissue-culture evidence of prosthetic infection at revision surgery. This left 38 patients (39 TKRs) who attended for CT analysis.
The senior author (DN) was present when each CT was performed to ensure that the Berger protocol was strictly followed. Rotation of the femoral component was referenced from an axial slice through the distal femoral epicondyles from the angle formed by a line along the posterior condylar axis of the femoral component and a line connecting the sulcus of the medial epicondyle and the most prominent part of the lateral epicondyle (the surgical transepicondylar axis, Fig. 1 ). Neutral rotation was considered to be 3.5° of internal rotation in men and 0.3° of internal rotation in women 11 from the surgical transepicondylar axis. Rotation of the tibial component was determined from three axial slices, one just below the tibial base plate, one at the level of the polyethylene tibial insert and one at the level of the most prominent part of the tibial tuberosity (Fig. 2) . The tibial tuberosity axis was plotted from a line connecting the geometrical centre of an ellipse of best fit around the proximal tibia just below the metal base plate which was transposed to the image at the level of the tuberosity and the centre of the most prominent part of the tibial tuberosity. Rotation of the tibial components was determined by the angle formed perpendicular from the posterior edge of the polyethylene insert (the tibial component axis) which was transposed to the image at the level of the tuberosity and the tibial tuberosity axis (Fig. 2) . Neutral rotation of the tibial component was considered to be 18°o f internal rotation from the centre of the tip of the tuberosity for both genders which corresponds to the rotation of the normal native articular surface. 12 All the high-quality digital CT scans were analysed by the senior author with anatomical and component landmarks plotted to a single pixel and angles measured using a programme designed by our Department of Applied Computing for use with MATLAB version 6.5 software (The MathWorks Inc., Natick, Massachussets).
Rotational alignments of our patients were compared with those of a painfree control group of patients who had never reported pain in their knee following their TKR, which had been performed at least one year previously. After a provisional analysis of rotation of the tibial component of the painful group a power calculation was performed based on the finding of an incidence of 41% of internal rotation of the component of more than 10° in the painful group and a postulated incidence of 0% in the painfree control group. With a power level set at 0.90 and the probability of a type-I error set at 0.01 it was calculated that 26 TKRs would be required for the painless control group for comparison. Accordingly, we selected 26 painless TKRs at random in 25 patients as the control group. They underwent radiological and CT analysis, and clinical assessment. Once all the data had been collected for both groups, all the rotational measurements for the components for both groups were measured on digital images by the senior author in a blinded manner, which was repeated with a minimum of three months between measurements. Final values for the rotational alignment of both components were calculated as the mean of two measures and test re-test reliability was assessed.
Internal rotation of the component was considered to be a positive value and external rotation, a negative value. Neutral rotation of 0° was determined at the point of 18° of internal rotation from the tip of the tibial tuberosity. 12 In addition to measuring isolated rotation of the femoral and tibial component, other rotational parameters measured included rotational mismatch (tibial component rotationfemoral component rotation) and combined rotation (tibial component rotation + femoral component rotation) (Fig. 3 ). In keeping with findings from previous studies, the femoral components were considered to be excessively rotated if they were internally rotated more than 6°8 ,9 or externally rotated 8°. 13 Values for excessive malrotation of the tibial component were to be explored in the analysis of the data.
When they came for their CT scan, all patients completed a visual analogue scale (VAS) for the pain (0 for no pain, 10 for severe pain) in their TKR on an average day and their knee was examined to calculate a KSS. Alignment of the components was also assessed from post-operative digital radiographs using a computerised system developed in our department 14 which referenced both coronal and sagittal alignment from the anatomical axes of the femur and tibia in both planes. The mean values for alignment were compared and outliers in the coronal plane were identified. An outlier was defined as being more than 3° outside the recommended alignment for that parameter. Recommended alignment was considered to be 6° of valgus for tibiofemoral coronal alignment, 6° of valgus for coronal alignment of the femoral component, 0° for coronal alignment of the tibial component, 0° for sagittal alignment of the femoral component and a posterior slope of 7° of the tibial component. Statistical analysis. Data were checked for normality of distribution using the Kolmogorov-Smirnov test. For normally distributed data Student's t-test was used to compare two groups and when data were not normally distributed the Mann-Whitney U test was applied. Fisher's exact test was used to compare frequencies between groups. Test re-test reliability of femoral and tibial rotation was determined using Pearson's correlation coefficient to identify the mean difference between repeated measures. The level of statistical significance was set at a p-value ≤ 0.05. Table I . They were similar in terms of clinical details, the type of implant, preoperative deformity and the incidence of pre-operative patellofemoral pain and of patellar resurfacing. The mean KSS was lower in the painful group by 40.6 points (MannWhitney U test, p = 0.001) primarily because pain is so heavily weighted in this system. The mean total function component of the KSS was lower in the painful group by 30.2 points (Mann-Whitney U test, p = 0.029) ( Table I) . No TKR in the painful group had a VAS for pain of less than 4.0 while in the painless group no VAS for pain was greater than 0.5 (Table I) . The groups were similar with regard to coronal tibiofemoral and individual component alignment in both the coronal and sagittal planes (Table II) .
Results

Details of the groups are shown in
A summary of the rotation alignments for each group is given in Table III . Rotation of the femoral component. Pearson's correlation coefficient for repeated measures of rotation of the femoral component was 0.81, demonstrating very strong correlation, with a mean difference of 1.03°. While there was no significant difference in the mean rotation between the groups (Table II) , in the painful group eight femoral components were internally rotated more than 6° compared with none in the painfree group (student's t-test, p = 0.017). The size of internal rotational errors was small with the maximum internal rotational error encountered being 8.8°. No femoral component in either group was excessively externally rotated. Rotation of the tibial component. Pearson's correlation coefficient for repeated measures of rotation of the tibial component was 0.87, demonstrating very strong correlation, with a mean difference of 0.83°. It was much more variable than rotation of the femoral component particularly in the painful group with a range of rotation of 43.6° between the most internally rotated and most externally rotated tibial components. In the painful group rotation of the tibial component Table III) . From the data it appeared that internal rotation of more than 9° was a significant cut-off value associated with pain. In all, 17 tibial components were internally rotated more than 9° in the painful group while no tibial component was internally rotated more than 9° in the painfree group (Fisher's exact test, p < 0.001). Excessive external rotation of the tibial component did not appear to be associated with pain. There was a greater proportion of externally rotated tibial components in the painfree group, but the difference was not statistically significant (Table III) . External rotation of the tibial component of up to 18.2° was tolerated in one patient in the painfree group.
Excessive internal rotation of either or both TKR components. When considering femoral internal rotation of more than 6° and internal rotation of the tibial component of more than 9° to be excessive, 22 of the 39 painful TKRs (56.4%) had excessive internal rotation of either the femoral component, the tibial component or both compared with none in the painfree group (Student's t-test, p < 0.001, Table III ). In all, five painful TKRs had isolated excessive internal rotation of the femoral component while 14 had isolated excessive internal rotation of the tibial component. In three painful TKRs excessive internal rotation was found in both components. Based on an incidence of moderate pain after TKR of 8.2% and a finding of 22 knees (56.4%) with significant internal rotation of the components in our group of 39 knees (38 patients), we have estimated an incidence of significant internal rotation errors of 4.6% of all our TKRs.
Combined rotation of the components. In the painful group the components were implanted with a mean of 8.0° (25.6°i nternal to 22.1° external rotation) of combined internal rotation while in the painfree group the components were implanted with a mean of 1.3° (10.7° internal to 14.3°e xternal rotation) of combined external rotation (Student's t-test, p < 0.001, Table III ). In the painful group 15 TKRs were in > 11° of combined internal rotation compared with none in the painfree group (Fisher's exact test, p < 0.001). All 15 TKRs with > 11° of combined internal rotation had more than 9° of internal rotation of their tibial component.
Rotational mismatch between the tibial and femoral components. This was subject to great variation especially in the painful group. There was a significant difference in the mean rotational mismatch with TKRs in the painful group having a mean of 2.6° (25.6° internal to 21.1°e xternal rotation) of internal rotational mismatch of the tibial component while the painfree group had a mean of 3.1° (10.3° internal to 21.1° external rotation) of external rotational mismatch of the tibial component (Student's t-test, p = 0.025) (Table III) . A total of 11 of the TKRs in the painful group had an internal rotational mismatch of the tibial component of more than 11° compared with none in the painfree group (Fisher's exact ttest, p = 0.002). However, all of the 11 TKRs with internal rotational mismatch of the tibial component of more than 11° had internal rotation of the tibial component greater than 9°. Up to 22.1° of external rotational of the tibial component mismatch was tolerated in the painfree group. 
Discussion
We have identified an incidence of 8.2% of moderate pain at a minimum of one year after TKR. Although this value may appear to be surprising, it is less than in some other studies. 3, 4 This may reflect differences in the definition of 'moderate' pain. We have attempted to establish how many TKRs with unexplained pain have malrotation of one or both components when assessed by CT.
We found that more than half of the painful TKRs in our study group had internal rotational errors in the alignment of TKR components, particularly the tibial implant. The incidence of excessive internal rotation of the tibial component was more than double that of excessive internal rotation of the femoral component and the size of internal rotational errors of the tibial component was much greater than that for the femoral component. Additionally, while we have demonstrated a strong association between excessive internal rotational errors and pain, external rotational errors of the femoral component were not detected and quite large values of external rotation of the tibial component were also tolerated in the painfree group.
From our data, we have estimated an incidence of 4.6% of internal rotational error. This may be an under-estimate since it is not known if excessive internal rotation is also present in patients with only mild pain after TKR.
The findings of our study support previous work by Barrack et al 8 which also identified internal rotation of the tibial component as a cause of pain after TKR. Our mean value for internal rotation of 4.2% of the tibial component is similar to their finding of 6.2° in TKRs with anterior knee pain. However, their study focused solely on TKRs with anterior knee pain rather than all painful TKRs and made no comment on the frequency of rotational errors or the extent of internal rotation required to produce symptoms.
In our study we have identified a threshold value of 9° of internal rotation of the tibial component, representing a total of 27° of internal rotation from the tip of the tibial tuberosity, as that required to produce pain, with internal rotation of the tibial component of up to 8° being tolerated in the painfree group.
The variation in rotation of the tibial component and the size of internal rotational errors in our study was surprisingly large with a difference of 43.6° between the most internally rotated and the most externally rotated tibial component. The maximum internal rotational error found was 25.4°. Our findings are similar to those of a previous study by Matsuda et al 15 which identified internal rotational errors of the tibial component of up to 28°. By contrast, rotational errors in the placement of the femoral component in our study occurred less frequently and were small. Again this is comparable with previous data on rotation of the femoral component without navigation. 16 It remains unclear why internal rotational errors cause pain after TKR. Internal rotation of the tibial component results in a relative external rotation of the tibia. It has been postulated that the resultant increase in the Q angle places abnormal stresses on the extensor mechanism. 8 Inadvertent internal rotation of the tibial component can occur for a number of reasons. The extensor mechanism and lateral soft tissues can deflect the final tibial cutting jig into internal rotational particularly in a tight knee or in an obese patient. Additionally, when implanting a symmetrical tibial component an apparently appropriately-sized implant if normally orientated may overhang posterolaterally, a situation which has been implicated as causing pain by impingement on the popliteus tendon. 5 In attempting to avoid this the surgeon may internally rotate the tibial component to obtain better cover of the cut tibial surface. A preferable option would be to use a smaller tibial component allowing correct rotational alignment without posterolateral overhang. It also remains unclear why apparently extensive external rotation of the tibial component can be tolerated without pain.
While combined component internal rotation of greater than 11° and internal rotational mismatch of the tibial component alone of greater than 11° may be associated with pain, all TKRs with excessive combined internal rotation and excessive mismatch of tibial internal rotation had more than 9° of internal rotation of the tibial component. It therefore remains unclear if either combined component rotation or tibial internal rotational mismatch can cause pain with less than 9° of internal rotation of the tibial component.
Our study was confined to fixed-bearing implants. It remains uncertain if mobile-bearing TKRs would be more tolerant of internal rotational errors since the polyethylene bearing in mobile-bearing knees has been found to rotate up to 10° on the tibial tray in vivo. 17, 18 This might compensate for some degree of internal rotational error. However, further studies have shown no improvement in patellar tracking 19 in mobile-bearing TKRs as compared with fixedbearing implants with a similar degree of tibiofemoral rotation throughout the gait cycle in both designs. 20 Furthermore, randomised, controlled trials 21, 22 and large meta-analysis 23 have shown no clinical advantage of mobile-bearing TKRs over fixed-bearing designs.
There is also conflicting evidence as to whether computer navigation improves the accuracy of component rotation. While image-free navigation has not been found to improve rotational accuracy, 24 another study comparing CT-based navigation and conventional techniques has identified a reduction in the variation of rotation of both components with CT-based navigation and a reduction in the number of outliers with rotational values outside a recommended reference range of SD 3°. 16 In summary, we found that internal rotational errors, particularly of the tibial component, were a major cause of pain and functional deficit after TKR. Great care should be taken when establishing rotational alignment of the tibial component with careful reference to the tibial tuberosity. 
